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I. INTRODUCTION
In the last three decades the rare earth ͑R͒ transition metal ͑T͒ intermetallic compounds have attracted great interest not only because of their significance for permanentmagnet application, but also due to the opportunity they offer for extensive fundamental studies of the magnetic behavior of 3d and 4 f elements. Considerable attention has been given to the study on the magnetic interaction in these compounds. Three exchange interactions can be distinguished in the R-T compounds: the exchange interaction J TT between the transition metal spins, J RT between the rare earth spin and transition metal spins, and J RR between rare earth spins. J TT is dominant and responsible for the Curie temperature, which should be well above room temperature for application purposes. A strong R-T interaction is important to maintain the large magnetocrystalline anisotropy of the R ions up to the highest possible temperature and plays an important role in the formation of the magnetic structure. J RR is the RKKY interaction and the strength is very weak compared with J TT and J RT , so that in the most cases it can be neglected.
In R-T intermetallic compounds the R-T exchange interaction is indirect consisting of the intra-atomic 4 f -5d interaction and the interatomic 5d -3d interaction. 1 The exchange coupling constant J i j (i, jϭR,T) can be investigated by different experimental methods, such as inelastic neutron scattering, 2 Mössbauer spectroscopy, 3 first-order moment reorientation, 4 molecular field analysis on the Curie temperature, 5 and analysis of high-field magnetization process. 6 Recently, following a model developed by Clark and Callen 7 for ferrimagnetic garnets without magnetocrystalline anisotropy, Verhoef et al. 8 have described the highfield magnetization behavior of the free powders ͑HFFP͒ of heavy-rare-earth transition-metal intermetallic compounds in very high magnetic field. By means of the HFFP method, values for J RT can be derived straightforwardly from the high-field magnetization curves.
The aim of the present contribution is to investigate the R-T exchange interaction in R 2 Fe 17 -based compounds by means of the HFFP method.
II. EXPERIMENT
R 2 Fe 17Ϫx M x ͑RϭDy, Ho, Er, MϭGa, Al, Si, and xϭ0, 1, 2,3,...,9͒ alloys have been prepared by argon arc melting starting elements of purity at least 99.9%. Melting was performed in a water-cooled copper hearth and the ingots were remelted at least twice to promote homogeneity. Subsequently, the ingots were annealed in vacuum at 1473-1523 K for 4-8 h, wrapped in molybdenum foil and sealed in quartz tubes, followed by quenching to room temperature. X-ray diffraction with Co K␣ radiation was employed to check the phase and determine the lattice parameters of alloys. The Curie temperature of the investigated compounds were determined from 2 -T plots by extrapolating 2 to zero. The magnetization curves ͑B͒ were measured in an extracting-sample magnetometer in applied fields up to 7 T. The high-field magnetization was measured at 4.2 K in fields up to 35 in the High Field Installation at the University of Amsterdam. 9, 10 The measurements were performed on powder samples in which the powder particles were free to orient their magnetic moments parallel to the external field. The spontaneous magnetization values were derived by extrapolating the part of the magnetization curves corresponding to the antiparallel moment configuration to Bϭ0.
III. RESULTS AND DISCUSSION
The x-ray diffraction patterns and the thermomagnetic analysis show that all samples investigated are single phase except for a small amount of ␣-Fe as second phase. For x р3 all the compound crystallize in the Th 2 Ni 17 structure, for xϾ3 in the Th 2 Zn 17 structure. The lattice parameters a and c were derived from the x-ray diffraction patterns. As an example, the structural parameters for the Ho 2 Fe 17Ϫx Ga x compounds are listed in Table I . The Curie temperatures T C were derived from the thermomagnetic curves. The values of T C for the Ho 2 Fe 17Ϫx Ga x compounds are also listed in Table I .
The high field magnetization curves were measured at 4.2 K in fields up to 35 T. Figures 1 and 2 show the field dependence of the magnetic moment at 4.2 K of Dy 2 Fe 17Ϫx Ga x and Ho 2 Fe 17Ϫx Ga x free powder samples, respectively. It can be seen that the saturation magnetization obtained from the low field part of the magnetization curve decreases with increasing content of substituted atoms. This is due to the decrease of the moment of the Fe-sublattice resulting from the substitution of the nonmagnetic atoms. Since the Fe-sublattice moment is larger than the R-sublattice moment, the substitution of the nonmagnetic atoms leads to a decrease of the difference between the moments of the R and T sublattices. For small concentrations of substituted atoms, the magnetization remains approximately constant in the magnetic-field range used in the experiments. However, for larger concentrations a critical field B cr,1 can be observed. The magnetization is approximately constant for B smaller than B cr,1 but above B cr,1 the magnetization increases nearly linearly with increasing applied field. The slope of this linear part and the values of B cr,1 decrease with increasing content of substituted atoms.
In the case of free powders which can orient themselves into the minimum-free energy direction in the applied field, the effect of the anisotropy on the magnetization process can be neglected if the anisotropy of at least one of the two sublattices can be neglected. In a molecular-field description, in that case the free energy of a ferrimagnetic compound with two magnetic sublattices R and T with magnetic moments M R and M T can be represented by
The first term stands for the 3d -4 f exchange interaction which contains the intersublattice-molecular-field coefficient n RT and the angle ␣ between the two sublattice magnetizations. The second term represents the magnetostatic energy ͑Zeeman energy͒ in the external field B. The equilibrium position of the magnetizations for each field strength can be found by minimizing the free energy. In the relatively low field condition, the moment configuration is strictly antiparallel and the magnetization has the value Mϭ͉M T ϪM R ͉. Beyond a critical field strength B cr,1 ϭ͉M T ϪM R ͉n RT the exactly antiparallel magnetic moments start to bend toward each other, and the total magnetic moment is described by The value for n RT can be thus derived from the slopes of straight line M (B) obtained for B Ͼ B cr,1 . In even higher fields beyond a critical field strength B cr,2 ϭ͉ M T ϩ M R ͉n RT , forced ferromagnetic alignment of the magnetic moments is achieved. The total magnetic moment then equals a value M ϭ M R ϩ M T . From the derived intersublattice-molecularfield coefficient n RT , the related R-T exchange coupling constant J RT in the Heisenberg Hamiltonian can be deduced,
where Z RT is the number of T neighbors surrounding the R atoms. N T is the number of T atoms per formula unit. For R 2 Fe 17Ϫx Ga x compounds, Z RT ϭ19Ϫx and N T ϭ17Ϫx. Using the value of n RT obtained by Eq. ͑2͒ and the values of g R of the rare earth, the value of J RT can be derived for each compounds by Eq. ͑4͒. The derived values for n RT and J RT for the Ho 2 Fe 17Ϫx Ga x compounds are listed in Table I . The values of J RT for the Ho 2 Fe 17Ϫx Ga x compounds are shown in Fig. 3 for several substitution contents. It can be seen that the value of J RT shows a tendency to increase with increasing substitution content. It is worth pointing out that the substitution of Al and Ga for Fe leads to a decrease of the average Fe atomic moment ͑see Table I͒ Table II for several heavy-rare-earth transition-metal intermetallic compounds. The values of J RT obtained from magnetization measurements on single-crystalline R 2 Fe 17 compounds 11, 12 are also listed in Table II for comparison. Figure 4 shows the dependence of ϪJ RT on the atomic number of the R component in the R 2 Fe 17 compounds. The values of ϪJ RT obtained from magnetization measurements on single-crystalline R 2 Fe 17 compounds are also plotted in Fig. 4 for comparison. It can be seen that the values of J RFe obtained by HFFP method are in agreement with those obtained by magnetization measurements on single-crystal samples. Both of them show the same tendency to decrease with increasing the atomic number Z of the R ion. This is associated with the lanthanide contraction. The decrease of the radius of 4 f shell with increasing Z leads to a smaller overlap of the 4 f and 5d shells, which results in a decrease of the 4 f -5d hybridization and associated decrease of the R-Fe interaction J RFe as a consequence.
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